Background. Posttransplant hyperglycemia has been associated with increased risks of transplant rejection, infections, length of stay, and mortality. Methods. To establish a predictive model to identify nondiabetic recipients at risk for developing postliver transplant (LT) hyperglycemia, we performed this secondary, retrospective data analysis of a single-center, prospective, randomized, controlled trial of glycemic control among 107 adult LT recipients in the inpatient period. Hyperglycemia was defined as a posttransplant glucose level greater than 200 mg/dL after initial discharge up to 1 month following surgery. Candidate variables with P less than 0.10 in univariate analyses were used to build a multivariable logistic regression model using forward stepwise selection. The final model chosen was based on statistical significance and additive contribution to the model based on the Bayesian Information Criteria. Results. Forty-three (40.2%) patients had at least 1 episode of hyperglycemia after transplant after the resolution of the initial postoperative hyperglycemia. Variables selected for inclusion in the model (using model optimization strategies) included length of hospital stay (odds ratio [OR], 0.83; P < 0.001), use of glucose-lowering medications at discharge (OR, 3.76; P = 0.03), donor female sex (OR, 3.18; P = 0.02) and donor white race (OR, 3.62; P = 0.01). The model had good calibration (Hosmer-Lemeshow goodness-of-fit test statistic = 9.74, P = 0.28) and discrimination (C-statistic = 0.78; 95% confidence interval, 0.65-0.81, bias-corrected C-statistic = 0.78). Conclusions. Shorter hospital stay, use of glucose-lowering medications at discharge, donor female sex and donor white race are important determinants in predicting hyperglycemia in nondiabetic recipients after hospital discharge up to 1 month after liver transplantation.
recipients. [9] [10] [11] [12] [13] [14] In LT recipients, we have recently reported that glycemic control with intensive insulin therapy in the hospital setting, with a glucose goal less than 140 mg/dL versus less than 180 mg/dL significantly reduced post-LT infections. 15 However, posttransplant uncontrolled hyperglycemia after discharge from the hospital occurred in many study participants, regardless of treatment assignment, and was difficult to predict.
Hyperglycemia after surgery has been shown previously to result in increased risks for infection and readmission. 2, 5, 10, 11, 16 Whether treatment of this hyperglycemia following hospital discharge results in better outcomes has not been shown in randomized controlled studies but it is a logical extension from our own study of treatment of immediate post-LT inpatient hyperglycemia 15 and other studies in postoperative surgical patients. 9, 11, 17, 18 Therefore, identification and treatment of hyperglycemia in this time period would be of benefit. Clearly, patients known to have diabetes prior to transplant can be expected to be hyperglycemic following transplant. However, to our knowledge, no studies have been conducted evaluating donor and recipient characteristics that may put patients not known to have diabetes pretransplant at risk for post-LT hyperglycemia after inpatient discharge. To address this gap, we have developed a novel predictive model utilizing both donor and recipient factors to guide providers in identifying nondiabetic patients at risk for hyperglycemia post discharge up to 1-month post-LT. Such a model may allow clinicians to adequately provide posttransplant follow-up and planning for monitoring and treatment of hyperglycemia postdischarge.
METHODS
The present study is a secondary, retrospective data analysis based on a single-center, prospective, randomized, controlled trial of glycemic control (140 mg/dL vs 180 mg/dL targets) among LT recipients in the inpatient period. The complete methodology and results of this inpatient trial have been published previously. 15 As part of the study, all participants were given a glucose meter and strips, regardless of group assignment. All participants were asked to check home glucose levels 2 to 4 times per day up to 30 days post-LT and data were reported to our study team, along with any additional laboratory glucose measurements taken during the outpatient period. Participants were placed on glucoselowering medications based on their treatment goal, that is, glucose targets 140 mg/dL versus 180 mg/dL. Patient education and diabetes discharge regimens were standardized between both groups and information on this can be found in the primary study. 15 If a patient was readmitted within 30 days post LT, the study team also collected the inpatient glucose measurements.
The clinical trial included adults older than 18 years who underwent LT between April 2009 and December 2014 at Northwestern Medicine and who participated in a randomized control trial of glycemic control. All participants gave written, informed consent under guidelines established by the Northwestern University Institutional Review Board (protocol TU00005806). 15 The clinical trial enrolled 164 patients. For the current analysis, we excluded 49 participants who had known pretransplant diabetes. From the 115 participants left, we additionally excluded 8 participants: 3 who died before discharge from the hospital, 2 who had a hospital stay of greater than 30 days and 3 who had missing glucose measurements after discharge. The final sample included 107 nondiabetic LT recipients.
Postdischarge glucose levels from both home glucose meter testing and hospital laboratory values were included. Hyperglycemia for this analysis was defined as a post-LT glucose measurement greater than 200 mg/dL following discharge up to 1 month following LT. The recipient factors obtained via chart review for model inclusion were age, sex, race, body mass index (BMI), DM status before transplant, transplant type (liver, liver/kidney), model of end-stage liver disease (MELD) score, liver disease etiology, length of hospital stay (days), and use of glucose-lowering medications at discharge. Additional donor factors were gathered including, age, sex, race, donor risk index, DM status, donor organ quality (standard criteria, expanded criteria, or CDC high risk donor), donor source (living donor, donation after cardiac death, other), cold ischemic time, warm ischemic time, transplant network location, and principal cause of donor death. Standard immunosuppression at our center during the study time period included induction with steroids alone followed by early CNI initiation. For patients with renal injury, mycophenolate was added at the discretion of the treating physician with the goal of reducing target CNI levels as a renal protective strategy.
Statistical Analysis
The study population was described using mean and standard deviation for continuous variables and proportions for categorical variables. Recipient and donor characteristics between patients with and without hyperglycemia event following discharge up to 1 month of LT were assessed as appropriate using Student t test with unequal variance or Mann-Whitney U test for continuous variables, and χ 2 or Fisher exact test for categorical variables, respectively. Six candidate variables with P values less than 0.10 were used to build a multivariable logistic regression model using forward stepwise selection. Covariates were selected for the final model based on statistical significance and additive contribution to the model based on the Bayesian Information Criteria. Missing data that were categorized as "unknown" were excluded from analysis. For internal validation, the bootstrap method was used to account for the generalizability error, and bias-corrected 95% confidence intervals were calculated based on 1000 resamples with replacement. The discrimination of the model was estimated using the C-statistic. The calibration, a measure of the goodness of model fit, was assessed by comparing the observed and predicted number of events in deciles of predicted risk, as calculated by the Hosmer and Lemeshow goodness-of-fit statistic. A P value less than 0.05 was considered as a statistical significance. All analyses were performed using Stata15.0 for Windows (StataCorp LLC, College Station, TX).
RESULTS
The baseline characteristics of the 107 liver transplant recipients and liver transplant donors included in the study are shown in Table 1 . The recipients were predominantly white, male, middle-aged and overweight. Of the recipients, 43 (40.2%)had at least 1 hyperglycemia episode after hospital discharge and up to 1 month after LT. The main liver disease etiology was hepatitis C and the majority of recipients (81 total, 31 in the hyperglycemia (>200 mg/dL) group, 50 in the nonhyperglycemia (≤200 mg/dL) group) were discharged from the hospital without any glucose-lowering medication prescriptions. Forty-seven (21.5%) recipients were readmitted to the hospital at least once in the first 30 days post discharge. Donors were predominantly male (59.8%) and white (55.1%), and the principal causes of death were spontaneous intracranial hemorrhage (28.7%) followed by anoxia/ hypoxia (25.7%).
Overall, compared with the 64 patients without post-LT hyperglycemia, the 43 patients with post-LT hyperglycemia were significantly more likely to be male, had lower MELD scores, had shorter hospital stays, and were more likely to be discharged on insulin ( Table 1) .
The regression coefficients, odds ratio [ORs] and 95% confidence intervals for all risk factors in the final multivariate model are summarized in Table 2 . Variables selected for model inclusion included length of hospital stay, use of glucose-lowering medications at discharge, donor sex and donor race. The model demonstrated good discrimination (C statistic, 0.78; 95% confidence interval [CI], 0.65-0.81) and bias-corrected C statistic, 0.78 (95% CI, 0.7965-0.81). The Hosmer-Lemeshow goodness-of-fit test statistic was 9.74(P = 0.28), which indicated that the model had good calibration with no significant difference between the predicted and observed probabilities ( Figure 1) . As a sensitivity analysis, the analysis was redone including the treatment group in the multivariable analysis and the resulting C-statistic of 0.78 (95% CI, 0.69-0.86), bias-corrected C-statistic of 0.78, which is similar to the C-statistic of the predictive model without the intervention arm (see above).
DISCUSSION
This study provides the first liver transplant-specific prognostic model in nondiabetic recipients for the prediction of posttransplant hyperglycemia following hospital discharge after solid organ transplantation with very good model accuracy. We identified 4 significant predictors of early (30-day) hyperglycemia: 2 recipient factors-shorter length of stay and the use of glucose-lowering medications at discharge and 2 donor factors-female gender and white race, among a sample of liver transplant recipients who had already undergone initial correction of immediate postoperative hyperglycemia using standard inpatient insulin drips and subsequent subcutaneous basal/bolus insulin protocols.
Post-LT hyperglycemia is a multifactorial medical problem that starts during LT surgery, where the blood glucose level rises mainly due to stress, glucose-containing intravenous fluid administration, and glycogenolysis from the donor liver. 19 Some studies have highlighted the importance of adequate intraoperative glucose monitoring and intraoperative treatment of hyperglycemia due to the association of intraoperative hyperglycemia with increased postoperative infection and mortality rates. 3, 20 Furthermore, hyperglycemia in the post-LT (reperfusion) phase has been correlated with delay in the functional recovery of the LT graft. 21 It is also important to mention that, DM is an independent risk factor for postreperfusion severe hyperglycemia. 21 Use of glucose-lowering medications at discharge was also an important risk factor for the occurrence of hyperglycemia after LT. In our study, 22 (21.1%) patients were prescribed insulin or an oral hypoglycemic agent treatment upon discharge, reflecting persistent hyperglycemia at the time of discharge, despite not having a diagnosis of diabetes before transplantation. Our study also showed that a shorter hospital stay increased the risk for post-LT hyperglycemia compared with a longer hospital stay. It may be that patients discharged earlier may not have been well controlled, or still had residual effects from the stress of surgery and/or steroid dosing at discharge. As noted in our study, etiology of liver disease was not associated with post-LT hyperglycemia (P = 0.12). However, it is important to mention that hepatitis C virus (HCV) infection has been associated with increased insulin resistance, similar to type 2 DM, 22 and may have viral or immunemediated deleterious effects on the pancreatic beta cell function. 23, 24 HCV infection has also been noted to be a risk factor for new onset DM after transplantation (NODAT). 25 Consistent with national transplant trends, HCV infection was the most common indication for transplant among recipients in our study. Other known risk factors for hyperglycemia, such as age, steatohepatitis and severity of illness (MELD score), were not found to be significant in the multivariate model.
Donor characteristics, such as Donor Risk Index, a marker of allograft quality, and donor BMI, a surrogate marker for allograft steatosis, did not demonstrate an association with posttransplant hyperglycemia. However, donor female sex increased the risk for hyperglycemia after LT. Many, [26] [27] [28] but not all, 29 studies have shown that donor female sex when the recipient is male is related to decreased graft survival for liver, heart and kidney. It has been hypothesized that moving a "female" allograft to an estrogen-deprived environment may have an adverse effect on recovery from ischemicreperfusion injury 30 and it has been shown that female liver allografts demonstrate greater oxidative stress than male liver allografts in rats. 31 Oxidative stress has been linked to insulin resistance 32, 33 but whether that is the mechanism for the hyperglycemia in our patients related to a female donor liver is speculative.
The mechanism behind the increased incidence of post-LT hyperglycemia among recipients with white donors also remains unclear. Other studies have shown that race/ethnicity mismatch results in greater risks of graft failure and mortality without a specifically worse outcome with white donors. 29 Hence, this finding requires further exploration in future predictive models. Likewise, our study did not find an association between donor diabetes status and posttransplant hyperglycemia. A previous study showed that donor diabetes increased the risk of NODAT when present in deceased but not living liver donors. 34 Our study had certain limitations. This research was performed at a single, tertiary, high-transplant-volume hospital with a uniform LT protocol used by experienced endocrinologists, nurses, and hospital staff. Therefore, whether our results can be extrapolated to other institutions and populations remains to be determined. Furthermore, because this is a secondary data analysis from a randomized controlled trial of participants who were consented during listing, but before transplantation, the total number of patients evaluated represented only a small percentage of the total number of patients undergoing liver transplant during this time period. In another study we have done that evaluated the course of those with hyperglycemia but without preexisting diabetes following transplant, 23% had resolution of hyperglycemia within 1 month, 53% had resolution of hyperglycemia between 1 month and 1 year, 18% remained persistently hyperglycemic out to 1 year, and 6% had resolution of hyperglycemia but then later developed biochemical criteria for diabetes (NODAT) before 1 year. 35 In addition, prospective evaluations of our model among different transplant institutions will result in its refinement. In a similar manner, future investigations are needed to evaluate the use of the model in other solid organ transplant surgeries.
In conclusion, post-LT hyperglycemia in nondiabetic patients up to 1 month after liver transplantation can be predicted with accuracy using the proposed prognostic model, which includes both recipient and donor factors. Shorter hospital stay, use of glucose-lowering medications at discharge, donor female sex and donor white race, are factors that can be used to guide the physician in the identification of patients at risk for post-LT hyperglycemia. Clearly, this model needs to be validated in other populations. Although routine chemistries are performed during the first month post-LT, glucose levels and trends that might otherwise appear innocuous might be missed if there is no highlighting of patients that might be at higher risk for developing much higher glucose levels, which may lead to infection and readmission. 2, 5, 10, 11, 16 It is a logical extension from our own study of treatment of immediate post-LT inpatient hyperglycemia 15 and other studies in postoperative surgical patients 9, 11, 17, 18 that addressing hyperglycemia early in the immediate postdischarge period would have additional benefit, although this has not been proven in randomized controlled trials. Thus, our proposed model may allow an early identification of at risk patients so that preventive interventions (diet, exercise, medications) or intensification of hyperglycemic treatment can be implemented in a timely fashion.
